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The small regulator SipA, interacts with the ATP-binding domain of non-bleaching sensor histidine
kinase (NblS), the most conserved histidine kinase in cyanobacteria. NblS regulates photosynthesis
and acclimation to a variety of environmental conditions. We show here that SipA is a highly stable
protein in a wide pH range, with a thermal denaturation midpoint of 345 K. Circular dichroism and
1D 1H NMR spectroscopies, as well as modelling, suggest that SipA is a b-II class protein, with short
strands followed by turns and long random-coil polypeptide patches, matching the SH3 fold. The
experimentally determined m-value and the heat capacity change upon thermal unfolding (DCp)
closely agreed with the corresponding theoretical values predicted from the structural model, fur-
ther supporting its accuracy.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction ing group of proteins that modulate the activity of the sensor HKsSipA (non-bleaching sensor histidine kinase, NblS interacting
protein A), is a small factor present in cyanobacteria that interacts
with the ATP-binding domain of the histidine kinase (HK) NblS
[1,2]. NblS regulates a large number of photosynthesis-related
genes under a variety of environmental conditions, but the signals
mediating SipA regulation of NblS remain elusive. Moreover, SipA
stimulates the auto-kinase activity of NblS proteins from Synecho-
cystis sp. PCC6803 [3] and Synechococcus elongatus sp. PCC 7942
(MLLR and AM, unpublished results). Therefore, SipA exempliﬁed
a new type of the two-component system ‘‘connectors”, the emerg-chemical Societies. Published by E
rea; DCp, the heat capacity
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k.and effector response regulators (RRs) [4].
Atomic resolution structures of HKs in complex with their cog-
nate RR or connector protein are beginning to shed light on signal
transduction mechanisms and phosphorylation transfer in two-
component systems [5,6]. Attempts to elucidate the structure of
this novel HK regulator by X-ray crystallography have been so far
unsuccessful (MLLR and AM, unpublished results), prompting us
to explore different conditions to investigate the structure of SipA
by nuclear magnetic resonance (NMR) methods and other struc-
tural techniques. To provide a framework for the experimental re-
sults, we have also modelled SipA structure. Here, we show that
SipA is a highly stable protein, with a thermal denaturation mid-
point (Tm) of 345 K, and with resistant residual structure around
the sole tryptophan at high temperatures and guanidinium hydro-
chloride (GdmCl) concentrations. Circular dichroism (CD) and 1D
1H NMR spectroscopies suggest that the protein is a b-II class pro-
tein, with short strands followed by turns and long random-coil
polypeptide patches in agreement with the modelled SH3 fold.
2. Materials and methods
2.1. Materials
Ultra-pure GdmCl was from ICN Biochemicals, and its exact
concentration was calculated as described [7]. Standard supplierslsevier B.V. All rights reserved.
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ﬁed on a Millipore system.
2.2. Cloning, expression and puriﬁcation of SipA
Construction of plasmid, protein expression conditions and re-
moval of the His-tag have been previously described [2]. Protein
concentration was determined from the extinction coefﬁcient of
model peptides [8].
2.3. Fluorescence
Spectra were collected on a Cary Eclipse spectroﬂuorometer
(Varian) interfaced with a Peltier system. Sample concentration
was 1 lM. A 1-cm-path-length quartz cell (Hellma) was used.
Experiments were performed at 298 K.
2.3.1. Steady state ﬂuorescence measurements
The experimental set up has been previously described [9].
Chemical-denaturations were carried out at pH 7.0. Changes were
monitored by following the ﬂuorescence intensity and/or the aver-
age energy, hki [10].
2.3.2. Thermal-denaturations
Thermal-denaturations and their reversibility were carried out
as described [9]. Thermal-denaturations were reversible at all
pHs, and in the presence of GdmCl.
2.4. CD
Spectra were collected on a Jasco J810 spectropolarimeter with
a Peltier unit [9]. The DICHROWEB site [11,12] was used to decon-
volute the far-ultraviolet (far-UV) spectra.
2.4.1. Steady state measurements
Far-UV measurements were performed using 8 lM of SipA in
0.1-cm-pathlength quartz cells (Hellma) and raw ellipticity was
converted to molar ellipticity, [H], as described [9].
In the GdmCl-denaturations and pH-induced unfolding, the far-
UV spectra were corrected by subtracting the corresponding base-
line; chemical-denaturations were reversible (data not shown).
2.4.2. Thermal-denaturations
Thermal-denaturations and their reversibility were carried out
as described [9] with a total protein concentration of 8 lM. Those
in GdmCl (at concentrations of 0.5, 0.75 and 1.0 M) were also
reversible.
2.5. NMR spectroscopy
The NMR experiments were acquired at 298 K on a Bruker
Avance DRX-500 spectrometer (Bruker GmbH) equipped with a tri-
ple resonance probe and z-pulse ﬁeld gradients.
2.5.1. 1D-NMR spectra
Homonuclear 1D-NMR spectra were acquired and processed as
described [9,13]. Protein concentration was 90 lM. Spectra were
referenced to external sodium trimethylsilyl-[2,2,3,3-2H4]-propio-
nate (TSP).
2.5.2. Measurements of the T2 (transverse relaxation time)
Measurements of the T2 provide a convenient method to deter-
mine the molecular mass of a macromolecule,M. We measured the
T2 by using the 1-1 echo sequence (at echo-times of 2.9 ms and
400 ls). Since the correlation time, sc, is sc  1T2 [13], and, roughly,
the M is twice the sc, and thus M can be estimated. Experimentswere carried out at 90 and 180 lM of protein concentration, and
no variation was observed in the measured T2-time (data not
shown).
2.6. SEC
Column calibration was carried out as described [9]. SipA sam-
ples (7 lM) were loaded at 25 mM Tris (pH 7.3) with 150 mM
NaCl at 1 ml min1 in a Superdex G75 HR 10/30 column, running
on an AKTA-FPLC system (GE Healthcare) at 298 K, and moni-
tored with an on-line detector at 280 nm. Size-exclusion chroma-
tography (SEC) was used to determine the protein Stokes radius,
Rs [9].
2.7. Analysis of the pH-, thermal- and chemical-denaturation curves
The pH-denaturation experiments were analyzed as described
[9]. The apparent pKa reported was obtained from three measure-
ments, carried out with new samples. Chemical-denaturation
curves were analyzed by using a two-state model for the unfolding
reaction, according to the linear extrapolation method of chemical-
denaturation (LEM) [14]. The DHm in thermal-denaturations with
GdmCl was obtained from the ﬁtting [9], and used to determine
the heat capacity change upon thermal unfolding (DCp), since
DCp ¼ @DHm@DTm
 
. Fittings were carried out by using Kaleidagraph
(Abelbeck software).
2.8. Modelling of the structure
Models of the three-dimensional structure of SipA were con-
structed submitting the SipA protein sequence of Synechococcus
sp. PCC 7942 (NCBI Reference Sequence: YP_400213.1) to the
MODWEB [15] and SAM-T08 [16] servers. The resulting models
were compared, analyzed and validated using the CCP4 suite of
programs [17] and VADAR [18].
3. Results
3.1. SipA is a monomeric protein with a spherical shape
To determine the oligomerization state, we used a three-part
approach. First, we estimated the M of SipA by measuring the T2-
relaxation time. Second, we calculated its Rs and its M by using
SEC. And ﬁnally, we compared the experimental values with those
predicted by using a theoretical method. We did not use analytical
ultracentrifugation or multi-angle light scattering due to the large
amounts of protein required in those techniques.
The T2-relaxation time of SipA was 53 ms, which yields a sc of
3.77 ns [13]. This value leads to an estimated M of 7.5 kDa, very
close to the calculated value of 8.4 kDa.
SipA eluted at 13.42 ml in the column used, which yields an
experimental Rs of 14 ± 2 Å [9]. A similar linear ﬁtting is observed
between the M of protein standards and their elution volumes,
which leads to an M for SipA of 7.4 ± 0.8 kDa.
The theoretical value of the Stokes radius, r0, for a spherical
molecule is [9]: ro ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
3MV
4Np
 
3
r
, where V is the partial speciﬁc volume
of the protein (0.703 cm3 g1), and N is Avogadro’s number. This
equation yields a value of 13.2 Å, which is similar to that obtained
by SEC.
Finally Dobson and co-workers have suggested that the RS of a
spherical folded protein is given by: RS ¼ ð4:75 1:11Þ N0:29u [19],
where Nu is the number of residues; this leads to a value of
16 ± 4 Å, which is similar to that determined experimentally, and
further suggests that the protein has a spherical shape.
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The ﬂuorescence spectrum of SipA has a maximum at 336 nm,
which suggests that the sole tryptophan (Trp50) dominates the
ﬂuorescence spectrum (Fig. 1A, ﬁlled circles). Further, the value
of the maximum indicates that the tryptophan is buried, since a
solvent-exposed tryptophan should have a maximum at c.a.
350 nm [20] (Fig 1A, blank squares).
The far-UV CD spectrum of SipA shows the typical shape of b
protein (Fig. 1B, ﬁlled circles). The spectrum is similar to that of
b-sheet proteins [11,12], with a distorted b-sheet or very short
and irregular strands resembling those of random-coils (that is, a0
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Fig. 1. Structure of SipA. (A) Fluorescence spectra of SipA in the absence (ﬁlled circles) a
absence and in the presence of GdmCl (symbols as in A). (C) The amide (top), down-ﬁelnegative band around 200 nm and a positive one at 195–
200 nm). Proteins with this behaviour are classiﬁed as b-II proteins
and have a lower b-sheet/random-coil ratio than the all-b proteins
(the so-called b-I class) [21]; the bII proteins can be distinguished
from the random-coils because they show thermal-denaturations
(see below). The use of the k2D algorithm predicts the following
percentages of secondary structure: 8% of a-helix, 43% of b-sheet
and 49 of random-coil, conﬁrming that the protein belongs to the
b-II class.
The 1D 1H NMR spectrum of SipA resembles that of a well-
folded protein [22], and it shows up-ﬁeld shifted methyl groups
(Fig. 1C, bottom panel) close to 0.0 ppm, and a large dispersion in-8000
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nd in the presence (blank squares) of GdmCl. (B) Far-UV CD spectrum of SipA in the
d shifted Ha (middle) and methyl (bottom) regions of the 1D 1H NMR spectrum.
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shifted Ha protons at 5.5 ppm (Fig 1C, middle panel) further con-
ﬁrms the presence of a b-sheet.
3.3. Is the structure of SipA pH-dependent?
To ﬁnd out whether SipA structure is stable in a wide pH-range
and/or at a particular pH range, we carried out a spectroscopic
characterization of SipA at different pHs.
We followed changes in the intrinsic ﬂuorescence at 336 nm
(Fig. 2A, ﬁlled circles) either by excitation at 280 or 295 nm. The
ﬂuorescence intensity showed a single transition with a pKa of
9.3 ± 0.2. This value corresponds to that of a lysine and/or tyrosine
residues [23]. On the other hand, when the hkiwas followed (either
by excitation at 280 or 295 nm) (Fig. 2A, blank squares), two tran-
sitions were observed: one at acid pH, whose pKa could not be
determined due to the absence of acidic baseline; and other whose
pKa = 10.5 ± 0.9, similar to that obtained by following the changes
in intensity. The fact that hki shows two transitions is probably
due to its exquisite sensitivity to changes at any wavelength, as
it has been described in other proteins [10].
The ellipticity at 222 nm did not show a sigmoidal transition at
high pHs (Fig. 2B); at low pHs a transition was observed with not
acidic baseline. This result suggests that: (i) the secondary struc-0
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Fig. 2. pH- and chemical-denaturations of SipA. (A) Changes in the ﬂuorescence
intensity at 336 nm (ﬁlled circles, left axis) and in the hki (blank squares, right axis)
versus pH are shown. (B) Changes in the molar ellipticity at 222 nm versus pH are
shown. (C) Changes in the fraction of native molecules (deﬁned in [14]) for the CD
(ﬁlled circles) and hki (blank squares) as the concentration of GdmCl is modiﬁed;
the lines are the ﬁtting to the two-state equation following the LEM [14].ture (mainly the scaffold of the b-sheet) was pH-independent,
and remains unchanged in a wide pH range; and, (ii) since the tran-
sition observed at basic pHs was only monitored by ﬂuorescence,
then, it must be associated with a ﬂuorescence residue, which
should be probably one of the two tyrosines.
3.4. Conformational stability of SipA
From the above studies, we can conclude that the structure of
the protein remains unaltered in a wide pH range. However,
although the structure did not change signiﬁcantly, does the stabil-
ity do? Further, are both thermal and chemical-denaturations
reversible? Trying to address these questions, we carried out the
thermal- and chemical-denaturations of SipA.
3.4.1. Thermal-denaturations
The Tm measured either by CD or ﬂuorescence remained un-
changed in a wide pH range (Table 1), and only at very high or
low pHs, they did change. However, the Tm measured by ﬂuores-
cence (either by excitation at 280 or 295 nm) was always higher
than that measured by CD (in average 6 K) (Fig. 3A and B).
3.4.2. Chemical-denaturations
The denaturant concentration at the midpoint of the chemical
unfolding reaction ([U]50%) obtained by ﬂuorescence was higher
(2.61 ± 0.04 M) than that determined by CD (1.9 ± 0.2 M)
(Fig. 2C); moreover, the m-value from CD was smaller (that is, less
co-operative: 1.2 ± 0.3 kcal mol1 M1) than that determined by
ﬂuorescence (2.0 ± 0.2 kcal mol1 M1). Taken together, these data
indicate that the denaturation in SipA did not follow two-state
behaviour, but rather there are species with residual structure
around Trp50 (which is the only residue observed by ﬂuorescence
excitation at 295 nm).
To estimate the DCp, we monitored the changes in the Tm as the
concentration of GdmCl was varied. The thermal stability of the
protein (when followed either by CD or ﬂuorescence) decreased
when [GdmCl] was raised, as shown by the linear decline in the
Tm (data not shown); the slope of the linear regression, @Tm@½GdmCl,
equals to 15 ± 2 K M1 (from ﬂuorescence measurements) or
17.2 ± 0.9 K M1 (from CD). The slope of the linear regression
between DHm and Tm (the DCp) yields a value of 1.36 ±
0.05 kcal K1 mol1 from ﬂuorescence (Fig. 3C), and of 1.75 ±
0.07 kcal K1 mol1 (from CD).
3.5. Structural models of SipA
To further validate experimental data, two independent servers
were used to generate the structural models of SipA. MODWEB
web server selects structural templates from the PDB by sequence
alignment and calculates the ﬁnal model from the sequence-struc-
ture matches, by satisfying spatial restraints in terms of probabilityTable 1
The Tm of SipA measured by ﬂuorescence and CD.a
pH CDb Fluorescencec
4.1 345 ± 1 353.6 ± 0.4
5.9 346.6 ± 0.6 355.8 ± 0.4
6.4 348.6 ± 0.8 354.4 ± 0.4
7.0 347.2 ± 0.8 354.8 ± 0.7
8.3 348.1 ± 0.9 355.7 ± 0.9
9.4 346.6 ± 0.8 352.1 ± 0.4
11.5 342.2 ± 0.5 349.1 ± 0.3
a The Tms were obtained from ﬁtting to the two-state equation.
b Thermal-denaturations were followed by the changes at 222 nm in the CD
spectra.
c Thermal-denaturations followed by the changes in the ﬂuorescence intensity at
336 nm after excitation at 280 nm.
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Fig. 3. Thermal-denaturations of SipA. (A) Changes in the ellipticity at 222 nm at
different pHs. The y-axis scale is arbitrary, since the thermal-denaturations traces
have been scaled up. (B) Changes in the ﬂuorescence intensity at 336 nm after
excitation at 280 nm at different pHs (symbols are as in (A)). (C) Linear dependence
of DHm versus Tm as measured by ﬂuorescence.
Fig. 4. Structural models of SipA. Ribbon representation of the superimposed SipA
model calculated with MODWEB (blue) and SAM-T08 (yellow). Secondary structure
elements, as well as the RT loop, are labelled. The side-chains of Tyr17, Tyr49 and
Trp50 are represented in ball-and-stick, with carbon atoms in the same colour as
the corresponding ribbon structure, and with oxygen and nitrogen atoms in red and
blue, respectively.
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model from PDB templates selected by structural homology with
hidden Markov models that are built from predicted local struc-
tures based in multiple sequence alignments of the target se-
quence [16]. Irrespective of the server used, the models of SipA
presented a single domain fold with a similar topology, which is re-
ﬂected in the excellent superimposition of the two structures (root
mean square deviation for the superimposition of 56 Ca atoms is
1.8 Å) (Fig. 4). In agreement with the SEC results the models pres-
ent a spherical shape, with a topology corresponding to the SH3
fold that is characterized by the presence of ﬁve or six b-strands
(ﬁve strands in the models) arranged as two anti-parallel b-sheets
with size-variable linker regions connecting the b-strands [24]. VA-
DAR calculations [18] with the modelled structures suggest that
the structure is formed by a 45–51% of b-sheet and a 48–54% of
random-coil in close agreement with the data calculated by CD
(43% of b-sheet and 49% of random-coil, see above). In both mod-
els, there are two b-sheets, formed by two and three strands; in
the larger sheet (b2-b4) Tyr49 and Trp50 are at the edge of the sec-
ond strand (Fig. 4). The structures also conﬁrm that Trp50 is par-
tially buried, at the beginning of a b-strand (b3), supporting the
ﬂuorescence results (Fig. 1A). The second b-sheet is formed by
two short anti-parallel strands (b1 and b5). Tyr17, the other ﬂuo-
rescence residue, is embedded in a SH3 distinctive prominent loop
named RT loop (Fig. 4). The models also show a high content of
random-coil structure (48–54%), as it would correspond to a bIIclass protein. The few discrepancies between the two calculated
models are restricted to the connecting loops and the N- and C-ter-
minal ends which would correspond with the most ﬂexible regions
of the protein. Indeed, sequence comparison of SipA orthologs [1,3]
shown that both ends are highly variable in length and composi-
tion, indicating that these regions could be adopting a particular
conformation in each SipA homolog.
We can further validate the models not only by the agreement
with the experimental structural (CD, ﬂuorescence and NMR) and
hydrodynamic (SEC) results, but also by their predictive power of
the thermodynamic parameters of thermal- and chemical-denatur-
ations: the DCp and m-value, respectively. An m-value can be esti-
mated from the linear relationship between m and DASAtotal [25]:
m (cal mol1 M1) = 368 + 0.11 DASAtotal. The DASAtotal of one of
the modelled structures is 6880.7 Å2 (and it is 8578.2 Å2, for the
other model). The above expression yields 1.12 kcal mol1 M1
(1.31 kcal mol1 M1, for the other), similar to those measured
experimentally (see above).
The molar heat capacity, Cp, of a given conformational state of a
protein can be considered as composed as the sum of an intrinsic
term (arising from the contribution to Cp of the covalent bonds
present in the molecule and the non-covalent protein interactions)
and another due to the interactions between surface-exposed res-
idues of the protein and the water molecules (hydration) [26].
Then, theDCp for the transition between two conformational states
can be calculated as the difference between the molar heat capac-
ity, Cp, of the ﬁnal state and that of the initial state. Since the con-
tribution arising from the covalent bonds to Cp is identical for all
the accessible conformational states of the protein, DCp is com-
prised only by the contribution due to internal interactions (among
solvent buried groups of the protein) and that due to hydration
(protein-water interaction). These can be rationalized by the
changes in solvent accessible surface area (ASA) (polar and apolar)
induced by the transition between the two conformational states
[26]: DCp = 0.45DASAapolar – 0.26DASApolar – 0.0087DASAtotal, were
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polar and total ASA between the two conformational states. We
can estimate the changes in ASA between the fully unfolded (taken
as the ﬁnal denatured state of the protein) and the native state of
the protein in one of themodels:DASAapolar = 4551.3 Å2,DASApolar =
2329.4 Å2 andDASAtotal = 6880.7 Å2 (5695 Å2, 2883.6 Å2, 8578.2 Å2,
respectively, for the other model). These values yield DCp =
1382 cal K1 mol1 (or 1223.7 cal K1 mol1, for the other model),
which is similar to those experimentally obtained (see above),
and thus conﬁrm the validity of the structural models obtained.
However, it must be indicated that our model is mainly supported
directly by the structural spectroscopic (ﬂuorescence, NMR and
CD), and hydrodynamic (SEC) methods, and indirectly by the ther-
mal- and chemical-denaturations; nevertheless, it would be very
unlikely that other modelled structure would predict so accurately
the measured thermodynamic parameters (DASAapolar, DASApolar
and DASAtotal). To further support the model proposed for SipA, it
is important to indicate at this stage that both modelling servers
were able to identify PDB templates based on sequence homology
with SH3 domains (PDB IDs: 1UG1, 1NG2 and 2QDY). However, ﬁ-
nal support to the proposed model will come when we resolve the
three-dimensional structure.
4. Discussion
This work reveals structural and conformational features of a
member of the SipA family for the ﬁrst time. The protein structure
was stable in a wide pH range and unfolded only at low pHs (acid
denaturation) and high pHs (probably associated with one out of
the two tyrosine residues). The differences observed for the Tm
and [U]50%, between ﬂuorescence and CD are due to the fact that
ﬂuorescence is monitoring unfolding of a local (probably hydro-
phobic) cluster around Trp50, but that global unfolding is moni-
tored by CD (as it would be expected, since CD follows the
unfolding of the secondary structure). According to this interpreta-
tion, unfolding of SipA, despite its small size, does not follow a sim-
ple two-state mechanism of unfolding. Instead, there are partially
folded forms retaining signiﬁcant structure, especially around
Trp50. However, in contrast to that observed by chemical-denatur-
ations (where the m-values were different for both techniques, see
above), the thermal-denaturations must occur by the same global
unfolding event (since theDCps are very similar), although residual
persistent structure is present in the neighborhood of Trp50 (as
judged by the higher Tm, Fig. 3B).
CD and NMR, as well as two independent predictions of three-
dimensional structures for SipA (Fig. 4), generated by servers with
different modelling approaches, indicated that SipA is well-folded,
with a high content of b-sheet that conforms to a characteristic
SH3 fold [24]. SH3 domains, the paradigm for eukaryotic protein-
interacting modules, are scarce in prokaryotes (see the SH3 family
inPFAM;http://pfam.sanger.ac.uk). Because conservationof the fold
does not always imply enough amino acid sequence similarity, SipA
proteins have been previously missed in SH3 domain searches [27].
Acknowledging the presence of an SH3 fold for SipA is a ﬁrst step to
understand the diversity of signal transductionmechanisms and the
newconnectorplayers in the so-called two-component systems. The
presenceof thatmotif inSipAmayalsoassist in futurepredictions for
SH3 domains, and in the NMR assignments of SipA.
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